It is known that diabetic and chronic inflammatory conditions can increase the risk of Alzheimer's disease (AD)-like 60 neurodegeneration in isolation. As certain elements of the diabetic/pre-diabetic state may sensitize the brain to inflammatory insult 61 (i.e. excess glucocorticoid activity), there is reason to believe that obesogenic and inflammatory factors may accelerate 62 neurodegeneration in a synergistic manner. Also, given that most AD research utilizes male animal models despite increased 63 prevalence of AD among women, we sought to characterize elements of the established (in males) high-sucrose model of 64 neurodegeneration, for the first time, in reproductively normal (pre-menopausal) female mice. A high-sucrose diet (20% of the 65 drinking water) was combined with systemic intraperitoneal lipopolysaccharide (LPS) injections (0.1 mg/kg; 1x/month over 3 66 months) over seven months in reproductively normal female wild-type mice (C57Bl/6; n=10/group). Although a deleterious effect 67 was hypothesized, low-dose LPS proved to protect against high sucrose diet-induced pathologies in female wild-type mice. Results 68 from our high-sucrose group confirmed that a high-sucrose diet is a mild model of neurodegeneration in wild-type females, as 69 evidenced by exaggerated glucocorticoid expression, spatial learning deficits, irregularities within the insulin pathway, and increased 70 β-amyloid production and Tau phosphorylation. While LPS had little to no effect in isolation, it exerted a protective influence when 71 added to animals sustained on a high-sucrose diet. Corticosterone homeostasis, and levels of amyloid-β (Aβ) and pTau were rescued 72 following addition of LPS. The work presented supports a high-sucrose diet as a model of mild neurodegeneration in female mice 73 and highlights a protective role for transient inflammation against dietary-insult that may be sex dependent. 74 75 Keywords 76 77 High sucrose; lipopolysaccharide; neurodegeneration; neuroinflammation; estrogen 78 79 81
Introduction 80 Alzheimer's disease (AD) prevalence is estimated to double by the year 2050(1,2), with approximately two-thirds of patients 117 anti-inflammatory and anti-β-amyloidogenic(4,14), pre-menopausal females may demonstrate a heightened resistance to 118 neurodegeneration relative to their male and/or post-menopausal female counterparts.
119 120
Materials and Methods

121
Experimental mice and study groups 122 Three-month-old female C57/Bl6 (Charles River, Canada) mice were randomized into four groups of ten animals constituting a 123 2x2 design. The control group was provided normal drinking water and given three intraperitoneal (IP) saline injections delivered 124 once per month for three months beginning after the 4 th week of treatment. A lipopolysaccharide (LPS; Sigma, 0.1 mg/kg IP) group 125 was administered LPS in place of saline. A high-sucrose group was provided 20% sucrose in drinking water with three IP saline 126 injections. A high-sucrose-LPS (hSL) combined treatment group followed the regimens of hS and LPS treated mice. See figure 1 for 127 a summary of experimental groups and treatments ( Fig. 1A ). Mice were housed in pairs and kept on a 12-hr light/dark cycle.
144 the stationary base (itself 12 inches above the ground). Habituation: mice were habituated to the maze on the first day of testing via 145 placement in the center of the testing field (within a translucent container) for 30 seconds. Animals were then gently nudged toward 146 the escape location over a period of 30 seconds. Upon entry, animals were habituated to the escape box for two minutes. Escape 147 location was rotated every fourth mouse (one from each of four groups); assigned holes were held constant throughout the acquisition 148 protocol. Acquisition: mice were placed in the center of the maze under a translucent container. After ten seconds, the container was 149 lifted, and an aversive buzzer was triggered. Animals were allowed 3 minutes to locate the escape hole under duress of the buzzer.
150
If successful, the buzzer was silenced, and mice were held in the escape box for two minutes prior to return to their home cages. If 151 unsuccessful, mice were guided to the escape location, followed by cessation of the buzzer and two-minute reinforcement in the 152 escape box. This procedure was repeated once daily for seven consecutive days. Animals were scored for latency to escape 153 (exploration of either the escape location or the holes immediately adjacent) and number of errors (exploration of incorrect holes), 154 which were used to create an acquisition index (time to escape x # of errors averaged over the 7 days). A high acquisition index is 155 suggestive of impaired spatial learning. Probe: mice were probed for long-term recall of the escape location 48 hours after the final 156 acquisition trial. Animals were allowed 3 minutes to explore the platform with the escape location closed. Animals were scored for 157 latency to previous escape hole and number of errors, which were used to create a probe index (time to escape x # of errors). A high 158 probe index suggests impaired long-term spatial recall.
160
Biochemistry 161 After seven months, mice were weighed and sacrificed for harvesting of liver and brain tissue. One-half of the brain was flash 162 frozen in isopentane and ground into powder for long-term storage at -80° C.
163
Acetylcholinesterase Activity Assay 
Statistical analysis
215 Data are expressed as mean ± SEM and compared using two-way ANOVA to assess treatment effects and potential interactions 216 between a high-sucrose diet and repeated lipopolysaccharide challenge. Fisher's LSD post-hoc tests were performed to assess the 217 significance of differences between group means relative to control. Prism V 8.1.2 (GraphPad Software, Inc. SD, CA) was used to 218 analyze two-way ANOVA data. As both the small sample size used (n=10) and the lengthy duration of the study (7 months) likely 219 contributed to increased variation within groups, Cohen's D measure of effect size was also used to assess the magnitude of the 220 difference between group means(37-39). Cohen's D values > 0.5 represent a medium effect size while values > 0.8 denote a large 221 effect. Effect size pertains to the standard deviations by which two group means differ; i.e. a D of 0.5 suggests that two groups' 222 means differ by half a standard deviation(37). It has been proposed that small effect sizes (x < 0.5) are likely to be trivial, regardless 223 of significance, whereas medium to large effects (x > 0.5) warrant further exploration, even in cases where statistical significance is 224 not reached(37,40,41). A p-value of 0.05 is not necessarily more reliable than one of 0.08, as the difference is likely the result of 225 minute differences in sample size (i.e. n of 9 vs. n of 10)(40). It can be argued that the size of an effect is more important than its 226 likelihood of being attributable to type I error, so long as the associated p-value is reasonable. For this reason, p-values are provided 227 along with the magnitude of effect (Cohen's D). Seemingly meaningful differences between groups should not be disregarded simply mean and LPS, hS, and hSL group means, respectively. As aberrant glucocorticoid and ceramide activity is associated with dysregulated brain insulin signaling(12,13,22,23), we 258 examined baseline total and phospho concentrations of insulin pathway-associated second messenger protein analytes in hemibrain 259 homogenates to probe for any irregularities. It should be noted that the second messengers explored are not exclusive to the insulin 260 pathway. It is therefore possible that any differences observed might not be solely attributable to insulin dysfunction.
261
Total insulin-receptor substrate 1 (IRS1) protein levels were increased after seven months in all mice on a 20% sucrose diet 262 (sucrose effect P < 0.001; P/D hS = 0.007/1.57, P/D hSL = 0.056/0.924; Fig observed in any group (Fig. 3B) . Although the anti-inflammatory IL-10 and inflammatory TNF-α, IL-1β, IL-5 and IL-6 showed a 289 few differences between groups (Table 1) , when data were normalized against IL-10 (no changes observed across all groups) 290 variation was improved ( Fig. 3C-F) . Interestingly, although all inflammatory cytokines showed a sucrose effect except for IL-6, only Fig. 5A , left) that did not coincide with increased fecal corticosterone levels. Interestingly, 332 although LPS or hS treatment had no effect on long-term spatial recall alone, when combined we observed an improvement in these 333 reproductively normal female mice (Fig. 5A, right) .
334
During the Open Field test, there was an LPS-mediated effect that was only observed as a decrease of time spent in the center 335 in the combined group (LPS effect P = 0.006, P/D hSL = 0.021/1.85; Fig. 5B, left) . Although no sucrose effect was observed, the hS 336 group showed a mild increase in time spent in the center (P/D hS = 0.063/0.854). Avoidance of the center of the field is often associated 337 with anxiety-like behavior, suggesting that an anxiogenic interaction (interaction P = 0.003, Fig. 5B , left) between hS and LPS exists 338 that is absent following the individual treatments. While hS-treatment reduced locomotion (sucrose effect P = 0.007) in the Open 339 Field, both LPS (P/D LPS = 0.138/0.591) and hS (P/D hS = 0.056/0.891) had mild effects on locomotion that were lost in the combined 340 group (Fig. 5B right) . The lack of effect in the combined group suggests effects on locomotion do not account for the increased 341 anxiety-like behavior observed in this group. Given that trends in AD incidence coincide with similar trends in obesity, diabetes, and chronic inflammation -all known risk 353 factors for AD -the present study combined a high-sucrose drinking water regimen with repeated monthly intraperitoneal 354 lipopolysaccharide injections to accelerate AD-related pathology in estrous-female wild-type mice. Female mice were used as the 355 bulk of AD literature concerns male animal models despite nearly two-thirds of all AD patients being women(2). We demonstrate 356 that high sugar consumption promotes upregulation of early-stage AD-related processes after just 6-7 months, as evidenced by 357 elevated fecal corticosterone (Fig. 1C) , increased liver sphingomyelinase activity (Fig. 1D ), brain insulin pathway dysregulation ( Fig.   358 2), increased β-amyloidogenesis (Fig. 4A) , an altered brain inflammation state ( Fig. 3 and Table 1) , and worsened spatial learning in 359 the Barnes maze (Fig. 5) . Interestingly, the addition of LPS prevented/lessened many of these effects; fecal corticosterone (Fig. 1C) 360 was normal, Tau phosphorylation (Fig. 4B) was suppressed, and spatial acquisition deficits were curtailed.
361
Previous studies have shown that caloric excess promotes lipogenesis and triglyceride storage in both the liver and adipose 362 tissue(48). In cases of chronic excess, exacerbated intake leads to liver insulin resistance and steatohepatitis (inflammation of fatty 363 liver) (15, 16, 49) . This inflammatory state promotes lipolysis and degeneration of the liver, culminating in mitochondrial-and/or 364 apoptotic-mediated cell-death and ceramide synthesis(50,51). The resultant free fatty acids, proinflammatory cytokines, and 365 ceramides can induce both systemic and central dysregulation of the insulin pathway, leading to eventual neurotoxicity(16,18). In 366 this study, animals sustained on 20% sucrose in their drinking water displayed weight gain, hepatic steatosis, elevated fecal 367 corticosterone expression, and elevated liver neutral sphingomyelinase activity (ceramides) after 7 months. As noted prior, these 368 conditions have been linked with insulin resistance, neurodegeneration and cognitive impairment (16, 19, 52, 53) . A recent study by 369 Chen, et al (2017) demonstrated that liver ceramide synthesis is upregulated by glucocorticoid signaling(53), thus opening the 370 possibility that glucocorticoids are partly responsible for the high-sucrose-induced liver pathologies in this study. While we did not 371 assess systemic insulin sensitivity directly, observed increases in sphingomyelinase activity and liver steatosis suggest that our high-372 sucrose animals were likely insulin resistant. Ceramides have been shown to inhibit both peripheral and central insulin 373 signaling(18,52,53), and to promote neuroinflammation(54) and oxidative stress in the CNS (16,19,52 ). Total IRS1 proteins were 374 found to be increased in whole hemi-brain homogenates of high sucrose fed mice without concomitant phosphorylation of 375 downstream targets such as Akt and mTOR, suggesting a potential compensatory increase in IRS1 proteins in response to reduced 376 insulin signaling. Although glucocorticoids are known to induce brain insulin resistance(13), observed irregularities within the brain 377 insulin pathway appear to be attributable to ceramide-mediated mechanisms. Irregularities were displayed even in high sucrose fed 
386
We previously demonstrated that a 20% sucrose diet increases Tau phosphorylation after just 4-months in male mice(9). Similar
387
-though lesser -observations were noted in the present work, confirming for the first time the high-sucrose diet as a model of mild 388 neurodegeneration in female wild-type mice. Both total Aβ 42 and the ratio of Aβ 42 to Aβ 40 were increased by the high sugar diet.
389
Furthermore, high-sucrose animals displayed increased nitrate + nitrite expression, suggesting enhanced NO production (perhaps 390 through upregulated iNOS). Exaggerated NO has been linked to neuroinflammation and nitrosative activity, both of which are known 391 to enhance the processing of APP to Aβ(33,34). Increased β-amyloidogenesis and NO expression were associated with worsened 392 spatial learning performance, highlighting a potential decline in cognition. Given the data presented, it seems possible that a high-sugar diet upregulated neurodegenerative processes (i.e. β-amyloidogenesis, nitrosative activity, etc.) through glucocorticoid(13)-394 and hepatic ceramide-mediated mechanisms (16, 19, 19) to influence spatial memory.
395
It should be noted that the mild phenotype observed may be related to the sex of the animals. Estrogen has been shown to exert 396 neuroprotection in a variety of models (cell culture as well as animal) and can diminish many pathological processes associated with 397 AD, such as β-amyloidopathy, glucocorticoid over-expression, mitochondrial dysfunction, and oxidative stress(4,5). Also, the mild processes suggestive of an early late-onset AD-like phenotype. Early AD is characterized, in part, by impairments in short-term 408 memory formation. As the disease progresses, long-term recall begins to diminish. This coincides with increased Aβ and pTau 409 burden. Our mice demonstrate a mild though present Aβ and pTau phenotype that coincides with worsened spatial acquisition 410
(delayed learning of a visual escape location in the Barnes maze) and spared long-term recall. This may suggest that our mice display 411 an AD-like phenotype representative of an early time-point within late-onset pathogenesis. 412 413
The modest effects of hS treatment on Tau phosphorylation and β-amyloidogenesis could also have been due to the use of 414 hemibrain homogenates, which may have diluted region-specific differences. In addition, it has been proposed that while diabetes 415 alone may be insufficient to generate a robust AD phenotype, it could serve as a cofactor in the etiology and progression of the 416 disease(49). Nonetheless, when paired with corticosterone, sphingomyelinase, Aβ, and pTau data, the results obtained in a non-417 transgenic wild-type model at this early time-point support a high-sucrose diet-mediated upregulation of neurodegenerative 418 processes.
419
Counter to our expectations that LPS would exacerbate the effects of a high-sugar diet, its addition failed to accelerate 420 development of a neurodegenerative phenotype. Instead, the combination appeared to be protective, as antagonistic interactions were 421 noted at several levels. First and perhaps most notably, animals on the combined high-sucrose and LPS regimen did not display an 422 elevation in fecal corticosterone. Given the proposed central nature of glucocorticoids to high-sucrose diet-mediated pathology(13), 423 attenuation of corticosterone expression may have proved to be quite beneficial. In fact, acute LPS-mediated inflammation was found 424 to suppress Tau phosphorylation (with or without sucrose) in animals sustained on a high sugar diet. Interestingly, the only pathology 425 that arose due to the combination was observed in the Open Field, where the addition of LPS to high-sucrose animals enhanced 426 thigmotaxis. Avoidance of the center has been linked to anxiety-like behavior, suggesting the combination treatment to be anxiogenic.
427
The protective effects of LPS may have been due to the transient nature of the inflammation induced. Glucocorticoids engage 428 in a form of negative feedback through a hippocampal-HPA axis circuit. Once a temporal and spatial threshold of interaction between 429 glucocorticoids and their receptors in the hippocampus is reached, activation of the HPA is suppressed. This process allows for robust 430 yet transient corticosterone/cortisol responses to stressful stimuli(65). Acute inflammation has been shown to promote a robust 431 increase in circulating glucocorticoids(66) capable of triggering negative feedback. Thus, it is possible that this spike in corticosterone 432 activity may have 'reset' the high-sucrose diet-induced chronic elevation in glucocorticoids through activation of the aforementioned 433 feedback loop (Fig. 7) . which raises the possibility that the lack of LPS-induced neuroinflammation observed in this study could be attributable to estrogen 450 interference. Furthermore, gonadectomy leads to an increase in mortality in female rats exposed to LPS that is attenuated by estrogen 451 replacement therapy(75). Taking potential estrogen interference into account, it is possible that male and/or post-menopausal females 452 would demonstrate more robust neuroinflammatory phenotypes in response to the dose of LPS administered in this study.
453
If transient low-dose LPS-induced inflammation did protect against select elements of the deleterious effects of a high-sucrose 454 diet by 're-setting' the corticosterone response in these reproductively normal female mice, it would reinforce the notion that high 455 sugar diet-induced pathology is mediated primarily by glucocorticoids, and that transient inflammatory events may be beneficial in 456 the long-term management of chronic stress.
Conclusion
458
This study supports the efficacy of high sugar diets in the induction of pathologic processes involved in neurodegeneration and 459 demonstrates that transient inflammatory events may antagonize pathologies associated with said diets in reproductively normal 460 female mice. While it remains possible that modern lifestyle changes and inflammatory medical complications can intersect to 461 accelerate development of an AD phenotype, it remains clear that much work is to be done to untangle the relationships between 462 diet, stress and neurodegeneration. Furthermore, this study may highlight a potential reason as to why AD occurrence varies among 463 individuals. If acute stress/inflammation is protective in females, then perhaps differences in lifestyles, diet, exercise and work/home 464 environments contribute to long-term cognitive health; i.e. stress is needed to 're-set' cortisol homeostasis. It also remains likely that 
